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The final model incorporated body surface area as a covariate of amrubicin and amrubicinol clearance and distribution volume. SLC28A3 single nucleotide polymorphism (rs7853758) was also incorporated as a constant covariate of the delay compartment of amrubicinol. Performance status was considered a covariate of pharmacokinetic (amrubicinol clearance) and pharmacodynamic (mean maturation time) parameters.
Twenty-nine patients with grade 4 neutropenia showed higher amrubicinol area under the plasma concentration-time curve from 0 to 72 hours (AUC 0-72 , P = .01) and shorter overall survival periods than other patients did (P = .01). Using the final population pharmacokinetic and pharmacodynamic model, median optimal dose to prevent grade 4 neutropenia aggravation was estimated at 22 (range, 8−40) mg/m 2 for these 29 patients.
We clarified correlations between area under the plasma concentration-time curve from 0 to 72 hours of amrubicinol and severity of neutropenia and survival of patients given
| INTRODUC TI ON
A third-generation anthracycline, amrubicin, and its active metabolite, amrubicinol, markedly inhibit topoisomerase II activity. 1 Amrubicin is approved only in Japan, and its single agent-based regimen is a promising second-line chemotherapy for SCLC, after platinum-containing chemotherapy. 2, 3 Despite the high response rate to amrubicin in a majority of SCLC patients in previous phase II studies, which included sensitive relapses or refractory cases, 4-8 a randomized phase III study showed that the overall survival with amrubicin was not superior to that of topotecan, which is the only standard regimen for the second-line treatment of SCLC. 9 In these studies, several participants treated with amrubicin required dose reduction and treatment delays because of severe hematological toxicities, including febrile neutropenia. Furthermore, 60%-80% of the patients required treatment with G-CSF. Based on the result of the phase III study, von Pawel et al 9 reported an increased infection rate during amrubicin treatment, which led to an amendment of the protocol requiring prophylactic growth factor support. Daily prophylactic use of G-CSF was recommended according to an approved guideline of the Japan Lung Cancer Society. 10 We recently evaluated the relationship between the severity of neutropenia and the AUC of amrubicinol. 11 However, an optimal AUC that avoids severe neutropenia has not been elucidated, and the covariate factors that govern the PK and PD of amrubicin and amrubicinol have not been analyzed. Therefore, we carried out a Pop-PK-PD analysis with the following primary objectives: (i) to develop a Pop-PK model of amrubicinol connected with amrubicin, and to define the covariates of the Pop-PK parameters, incorporating gene polymorphisms of the metabolizing enzymes and transporters; and (ii) to develop a final Pop-PK-PD model of the relationship between the PK profiles of amrubicin and/or amrubicinol and the time course of ANC in the first course of amrubicin treatment and define the covariates of the PD parameters. The secondary objective was to apply the results generated from the Pop-PK-PD modeling to simulate clinically feasible dosage regimens.
We clarify the precision dosing of amrubicin for PK-PD modeling to prevent severe neutropenia in Japanese patients with lung cancer.
| MATERIAL S AND ME THODS

| Patients and treatment
The prospective clinical study (UMIN000002970) was approved by the ethical review boards of the National Cancer Center Hospital (Tokyo, Japan) and Showa University (Tokyo, Japan).
Patients (20 years of age or older) diagnosed with lung cancer and who had received amrubicin monotherapy in the National Cancer Center Hospital were enrolled after obtaining written informed consent. Patients with hepatitis B, hepatitis C, or HIV infection and patients considered ineligible by physicians, including those who refused blood sampling or who had poor health, were excluded.
Amrubicin was given as a 5-minute i.v. infusion at a dose of 35-40 mg/m 2 on days 1-3, and subsequently every 3 or 4 weeks.
Prophylactic use of serotonin type 3 (5-HT 3 ) receptor antagonists was allowed before amrubicin was given. The use of G-CSF was only allowed for patients who had developed grade 4 neutropenia or grade 3 febrile neutropenia in accordance with the guidelines of the national health insurance coverage of Japan.
| Safety, tumor response, and survival assessment
Body temperature monitoring and laboratory tests (eg, tests for blood counts, electrolytes, and liver and renal function) were routinely carried out during the first cycle of amrubicin treatment. Toxicity was graded according to the CTCAE version 3.0.
There was no protocol restriction for response; however, we obtained information from the medical records retrospectively.
Tumor response to treatment was classified according to RECIST version 1.1.
Time to treatment failure was defined as the duration from enrollment to the first clinical evidence of progressive disease, early discontinuation of treatment because of amrubicin toxicity or other reasons (ie, patient's request or physician's discretion), or death from any cause. Overall survival was defined as the duration from enrollment to death, or to loss to follow-up.
| Blood sampling and DNA extraction
Plasma samples were obtained to determine the PK of amrubicin and amrubicinol. For the first 21 patients, blood samples were obtained on day 1 before infusion, at the end of amrubicin infusion (0 minutes), at 5, 15, and 30 minutes, and at 1, 2, 4, 8, and 24 hours after the end of infusion. On days 2 and 3, blood samples were collected before infusion, and at 0 minute and 8 hours after infusion. For the other 29 patients who were enrolled in the expanded study, blood samples were obtained at 15 minutes and amrubicin after platinum chemotherapy. This analysis revealed important amrubicin pharmacokinetic-pharmacodynamic covariates and provided useful information to predict patients who would require prophylactic granulocyte colony stimulating factor.
K E Y W O R D S
amrubicin, amrubicinol, lung cancer, pharmacodynamics, pharmacokinetics 2, 4, and 8 hours after the end of infusion on day 1. The plasma concentrations of amrubicin and amrubicinol were estimated using an HPLC method previously reported by us. 12 The lower limit of quantification of the assay was 2.5 ng/mL, for both amrubicin and amrubicinol. For all the 50 enrolled patients, blood was obtained before amrubicin treatment, and buffy coat samples were used for DNA extraction (QIAamp DNA blood kit; Qiagen) and genotyping.
| Genotyping
DNA processing and genotyping of most of the drug-metabolizing enzymes and transporters in each patient sample were carried out using the DNA chip DMET plus platform (Affymetrix). This system is capable of analyzing 1936 SNPs in 225 genes associated with drug metabolism and transport. Genotypes were determined for each SNP site, and reported as homozygous WT, heterozygous, homozygous variant, or "no-call."
| Population PK and semimechanistic myelosuppression model development and evaluation
In total, 388 plasma samples were obtained for the population PK analysis. The PK parameters were determined by nonlinear mixed-effects modeling, using Phoenix NLME 1.3 (Certara). The first order, conditional estimation-extended least squares estimation method was used.
First, to develop an amrubicin-amrubicinol-linked Pop-PK model (base model), amrubicin and amrubicinol plasma concentrations were converted to molar concentrations. The recorded amrubicin dosing times on day 2 or 3 were used for modeling. The amrubicin-amrubicinol-linked model, which is a parent-metabolite model, was then developed ( Figure 1 ). Briefly, the PK of parent amrubicin was described as a 3-compartment model, and that of amrubicinol was modeled as a 1-compartment model, connected to amrubicin's central compartment by a first-order metabolic process with 2 delay compartments ( Figure 1A) . The amrubicin-amrubicinol modeling involved 9 structural parameters using 11 differential equations. The parameters We determined that BSA, BW, and PS were correlated with several PK parameters, including those shown in Table 1 . Because BW is associated with BSA, we decided to include only BSA.
Separately, gene polymorphisms (SNPs) of metabolic enzymes and transporters that correlated with the PK profile of amrubicin were identified by a 2-step strategy. In the first step, an association analysis between genotypes and the amrubicinol AUC 0-24 was carried out for all 50 patients whose PK was analyzed by the developed Pop-PK model. The Kruskal-Wallis test was used, and P < .05 was considered significant (Table S1 ). To develop a robust Pop-PK model, selection and filtering criteria that only considered SNPs with minor allele frequencies of 0.2 of more were applied. Among these gene polymorphisms of enzymes or transporters, SLC28A3 (rs7853758) was the only SNP, that c has been reported to be related to PK and PD of anthracyclines and for which the frequency of each allele was 20% or higher (8 cases), which was required for incorporation into the model. Therefore, SLC28A3 (rs7853758) was selected as a co- where P i is the individual PK parameters of a patient, tvP is the typical value of PK parameters for patients, cov i is the individual's value of the covariate, cov mean is the population mean value of the covariate, and covθ is the magnitude of the covariate effect.
Finally, we examined whether BSA, PS, and SNPs of SLC28A3 (rs7853758) could be covariates and completed the final model.
Stepwise forward addition followed by a backward deletion method was used to identify these covariates. The χ 2 test was used to compare the OFVs of the nested models (likelihood ratio test).
A covariate was considered statistically significant in this analysis when its addition to the model reduced the −2 log-likelihood by at least 6.63 units (P < .01), based on the χ 2 test for the difference in the −2 log-likelihood between 2 hierarchical models that differ by 1 degree of freedom. If more than 10% of the patients were missing covariate data, the covariate was excluded from analysis (Table S2) .
Third, a semimechanistic-physiological Pop-PD model was built using the time courses of neutrophil counts after amrubicin administration ( Figure 1B) , based on previously established models. 13, 14 A total of 357 ANC observations from 50 patients were used for Pop-PK-PD modeling. This PD model was constructed to mimic physiological processes and consisted of 6 compartments that mim- where Slope is the parameter that describes the drug effect in a linear correlation with C AMROH (ie, the plasma concentration of amrubicinol predicted by the Pop-PK model).
The data were Box-Cox transformed with a factor of 0.2. The residual error was an additive error on the Box-Cox scale. Furthermore, in accordance with a previous report, 14 we successfully characterized a second feedback mechanism of endogenous G-CSF, which reduced the maturation time of neutrophils when their blood levels were below the baseline. Therefore, the combined PK-PD model comprised a total of 12 compartments, 6 each assembling the PK portion (including 2 delay compartments) and the PD portion of the model. The covariate PD model building was also a stepwise process.
If a chosen covariate did not reasonably explain the PD variation, it was excluded from the covariate analysis.
| Model evaluation and other statistical analyses
To evaluate the model, simulations were undertaken in Phoenix NLME using the dataset obtained in this study. Simulated percentiles (5th, 50th, and 95th) were calculated, and VPCs were carried We used the 1-tailed Student's t test for the 1-way plots of the amrubicinol AUC 0-72 , with or without grade 4 neutropenia.
| Simulation
Simulations were carried out using the final Pop-PK-PD model, to explore the optimal dosage for preventing grade 4 neutropenia (less than 500 cells/mm 3 Table 2 . Forty-two patients were men and 8 were women; 30 and 20 patients had a PS of 1 and 0, respectively. A total of 214 treatment cycles were administered, and the number of treatment cycles per patient ranged from 1 to 10 (median, 4). Fifteen patients (30.0%) had 1 or more dose reductions and 40 cycles (18.7%) with a prolonged treatment interval over 4 weeks.
| RE SULTS
| Demography and clinical characteristics of patients
| Toxicity
The most common grade 4 adverse events for hematological toxicity were neutropenia (58%), and thrombocytopenia (28%). Severe anemia of grade 3 or higher occurred at 14% frequency. The majority of nonhematological toxicities were of grade 1 and 2. Fatigue, nausea, vomiting, anorexia, diarrhea, and constipation were common, but mild. One patient experienced grade 3 anorexia, and 9 patients had grade 3 febrile neutropenia.
| Final Pop-PK and semimechanistic myelosuppression model
The final Pop-PK model used a 3-compartment model for amrubicin, and a 1-compartment model with a delay compartment for amrubicinol, connected to amrubicin by a first-order metabolic process (Table 1, Figure 1A) . In the final model, BSA was added Figure 1B) .
The VPC plots for the Pop-PK of amrubicin and amrubicinol, and the Pop-PK-PD models are presented in Figures 2A, 2B, and 2C , respectively. The VPC plots showed that both PK and PD models adequately describe the overall trend and variability of the data. No systematic deviation was observed between the observed and the simulated data.
The percentage of observations outside the 90% confidence interval for the Pop-PK of amrubicin and amrubicinol, and the Pop-PK-PD data were 93.3, 94.3, and 91.0%, respectively. In the bootstrap analysis, 100% of the Pop-PK and Pop-PK-PD model runs successfully converged. The median bootstrap parameter estimates were similar to the NLME model estimates, based on the original dataset (Table 1 ).
| Relationship between PK-PD and survival
The 1-way plots of the amrubicinol AUC 0-72 , with or without grade 4 neutropenia, are presented in Figure 3A . Patients (n = 29) with grade 4 neutropenia experienced higher amrubicinol AUC 0-72 than the other patients (1385.9 μg/h/L vs 1208.5 μg/h/L, P = .01). The median OS for all patients was 255 days. However, the OS for patients with grade 4 neutropenia was significantly shorter than those without (228 days with grade 4 vs 376 days without grade 4, logrank test, P = .01, Figure 3B ).
| Model-based simulations for estimating amrubicin optimal doses in patients with severe hematological toxicity
By undertaking simulations using the final Pop-PK-PD model, the median optimal dose for preventing grade 4 neutropenia (29 patients) was predicted to be 22 (range, 8-40) mg/m 2 . With the optimal dose, the amrubicinol mean ± SD AUC 0-72 was calculated as 805.5 ± 337.0 μg/h/L (Table S3 ).
| D ISCUSS I ON
A reduction in the dose of amrubicin from the recommended dose is necessary to reduce hematological toxicity. This reduction is usually based on the physician's experience; however, severe neutropenia is often observed, and in some patients, delay of treatment interval or reduction of secondary dose is required.
The primary objectives of this study were to develop a Pop-PK model for connecting amrubicin to amrubicinol and to identify the covariates of various PK parameters. Only amrubicinol concentration was incorporated into the effect equation (slope·C AMROH ) because the OFV of the model did not improve when C AMR was added to C AMROH, or when C AMR was used alone ( Figure S1 ). Thus, we only included the amrubicinol concentration data in the subsequent analyses and simulations. To the best of our knowledge, this is the first study to demonstrate a Pop-PK model with delay TA B L E 2 (Continued) compartment for amrubicinol. As shown in Figure S2 , a second peak in the amrubicinol concentration profile was observed after ~8 hours in some of the first 21 patients.
In the present study, the Pop-PK final model was improved by including a delay compartment pathway for the clearance of amrubicinol. This second peak might be attributable to a time-lag caused by a transfer of amrubicinol to blood cells, and subsequent reentry from blood cells to plasma.
The SLC28A3 SNP rs7853758, a synonymous coding variant (L461L), was a significant covariate of Kdc in the final Pop-PK model.
Subjects with the minor rs7853758 allele showed reduced SLC28A3 mRNA expression in the monocytes. 15 Concentrative Na + -nucleoside cotransporter protein, which is an SLC28 concentrative nucleoside transporter, can transport several anthracyclines into the cells. 16 Although patients with this minor allele showed a higher AUC 0-72 for amrubicinol than the other patients, the former cohort did not show We successfully predicted the effects of amrubicin-amrubicinol PK (plasma profiles) on the ANC-time profiles.
Furthermore, we showed that amrubicinol AUC 0-72 was related to the severity of neutropenia and short survival times ( Figures 3B and S3) . Contrarily, the efficacy (overall response rate) was not related to various PK profiles ( Figure S4 ). 5, 17, 18 However, in this study, we could not determine the optimal therapeutic range for amrubicinol, despite examination using receiver operating characteristic curve analysis (data not shown). Thus, a higher probability of increased antitumor effects at higher doses must be carefully balanced against the increased risk of severe neutropenia.
In general, G-CSF is used to treat severe or febrile neutropenia in patients with SCLC receiving amrubicin. Use of G-CSF reduces the risk, severity, and duration of febrile neutropenia, but owing to its high cost, its routine use is restricted. The present study provides a model-based strategy for understanding the differences in PD outcomes among patient populations and quantifying these differences based on scientific mechanisms. The Pop-PK-PD modeling strategy, therefore, is a valuable method for rationalizing the use of G-CSF as prophylactic agents.
The present study has some limitations. First, the sample size was small because of the difficulty of collecting the plural blood samples per patient. Second, our results have not been validated in different patients. We consider the final Pop-PK-PD model to be useful to simulate the ANC time courses for particular doses and patients; however, the 95% confidence interval of the ANC prediction by this model appeared to be relatively broad. Therefore, to increase the predictability of the Pop-PK-PD model, future prospective studies in a large population with external validation are required to explore the target AUC of amrubicinol and to use for the precision dosing of amrubicin after platinum chemotherapy in practice. In addition, the sensitivity of tumor cells to amrubicin warrants further study.
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